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The apparent sound reduction index of the façade, R0f , in dB [7] is
calculated by:
R0f ¼ D2m;nT  DLfs  101g0:32
V
Sf
ð2Þ
sound reduction index with the spectrum adaptation term of the
windows, R0w þ Ctr in dB, with the shutter retracted or fully ex-
tended. In all the cases studied, the shutter was installed on the out-
er part of the room, and the window frames were made of
aluminium or PVC. The cases where the windows had a single pane
Fig. 1. Section of integrated-type windows on which the acoustic measurements of
the façades were taken, with the shutter box installed behind the lintel.
C. Díaz et al. / Applied Acoustics 74 (2013) 134–140 135where V is the volume of the receiving room, in m3; Sf is the total
area of the façade, in m2; and DLfs is the level difference due to
the shape of the façade, in dB.
In this work, only ﬂat façades of spaces have been studied,
DLfs = 0; without air vents, Dne = 0. The indirect transmissions have
been estimated in a global manner, subtracting 2 dB from the glo-
bal sound reduction index of the rigid and heavy element of the
façade, Rwall. The apparent sound reduction index of the window,
Rwin
0, can be obtained from the apparent sound reduction index
of the façade, R0f , from the equation:
R0f ¼ 10 lg
Swin
Sf
 100:1R0win þ Swall
Sf
 100:1ðRwall2Þ
 
dB ð3Þ
2. Experimental results
The acoustic insulation from airborne noise on the façades of
rooms has been measured in inhabited buildings located in differ-
ent parts of Spain, according to the guidelines in standard UNE-EN
ISO 140-5:1999. The standardised sound level difference of the faç-
ade, D2m,nT, was determined in 1/3 octave bands from 100 Hz to
5 kHz, and the global result, D2m,nT(C; Ctr), is expressed in accor-
dance with EN ISO 717-1 [8,9]. The accuracy of the measuring
equipment was veriﬁed periodically in accredited calibration labo-
ratories, and the repeatability tests conducted are satisfactory in all
the frequency bands [10].
This section shows the results obtained in the tests. They have
been grouped according to the window closing system and the type
of glazing. The Tables 1–4 show the geometric dimensions of the
rooms and the values of weighted standardised sound level differ-
ence, D2m,nT,w(C;Ctr), of the façades, and the weighted apparentof glass correspond to housing units built prior to 1980. In the rooms
studied, the ratio between the area of the opening on the façade and
the total area of the façade varies between 0.1 and 0.4.
An essential aspect of a ﬁeld measurement is to give the mea-
sured magnitude and the uncertainty associated to such a magni-
tude. In the calculus of the uncertainty it is very usual to follow
the uncertainty propagation method as described in the Guide to
the expression of Uncertainty in Measurements (GUMs) [11]. Other
option is the numerical calculus based on the distribution propaga-
tion method by means of Monte Carlo simulation. This method is
numerical and in agreement with the GUM principles. In our labo-
ratory, we use Excel for the Monte Carlo simulation. A detailed
description of the numerical method has been already published
in Ref. [12]. One important factor to be considered in Monte Carlo
simulation is the number of repetitions of the process. The differ-
ences observed in the ﬁnal values are not bigger than 0.1 dB above
1000 simulations, then in order to make faster the calculus process
we consider that 1000 simulations is adequate. On the other hand,
the uncertainty evaluation process encompasses a number of inﬂu-
ences quantities that affect the result obtained for the measurand.
In this line, the measurement procedures following standards ISO
140-5 require the measured of time-averaged sound pressure lev-
els, L1 and L2, at a number of different points in a room and their
averaged. The maximum uncertainty of the ﬁnal magnitudes de-
rived from the ﬁeld measurements is mainly coming from the L2
average. Previously, we have analysed the room sound ﬁeld based
on the standard deviation of L2 [13], we have also compared to the
theoretical models [14]. The high L2 standard deviation values cor-
respond to the low frequencies: the exact values are mainly ﬁxed
by the microphone positions and the façade characteristics
[15,16]. At intermediate frequencies (from 400 to 4000 Hz) the L2
standard deviation is almost independent on the volume and room
conﬁguration [16]. So, this is the behaviour we found when the
uncertainty associated to D2m,nT is calculated by the Monte Carlo
method. At low frequency the uncertainty is depending of the mea-
surement conﬁguration and is ranging between 2 and 6 dB and it is
below 1 dB when the frequency band is above 400 Hz.
Following with uncertainty calculus, one of the most remark-
able advantages of the Monte Carlo method is that allows us an
easy calculus of the uncertainty associated to single-number mag-
nitudes as for example D2m,nT,w + Ctr [11] . The data necessary for
the calculus of the uncertainty of the single-number magnitudes
is generated during the Monte Carlo simulation process of the
uncertainty associated to D2m,nT. During the simulation for each
frequency band we generated 1000 values of D2m,nT (so we have
1000 groups containing 18 values of D2m,nT between 100 and
5000 Hz). One value of the single-number magnitude can be calcu-
lated comparing each group of 18 values of the evaluated parame-
ter to the reference curve according to standard ISO 717-1. At the
end of the process, we have 1000 values of the single-number mag-
nitude. Supposing the distribution as normal, the mean value is a
good estimation of the single-number magnitude and the com-
bined uncertainty can be considered as the standard deviation of
the distribution. Following a similar process the uncertainty asso-
ciated to Ctr can be evaluated. From these values it is easy to eval-
uated the combined uncertainties associated to (D2m,nT,w + Ctr) and
so, the expanded uncertainty multiplying by the factor k = 2. The
ﬁnal expanded uncertainty is ranging between 1 and 2 dB for sin-
gle number magnitudes as for example (DnT,w + C) and (D2m,nTw +
Ctr). These values are also indicative of a reasonable evaluation of
the uncertainty.
2.1. Façades with horizontal sliding windows and monolithic glass
The acoustic tests were carried out in 20 rooms. Sliding win-
dows with monolithic glass are rather uncommon in new residen-
tial buildings, basically owing to their low energy efﬁciency.
results of the two tests for standardised sound level difference,
D2m,nT, on the façade of rooms with the shutter extended and
retracted respectively. It can be observed that when the shutter
is extended the sound insulation from airborne noise in the fre-
quency bands where the resonance frequencies are located is lower
Table 1
Geometric dimensions of rooms and the calculated weighted acoustic magnitude in the case of façades with sliding horizontal windows and monolithic glass.
Sliding windows with monolithic glass Façade shutter
retracted
Façade shutter
extended
Window shutter
retracted
Window shutter
extended
Test Volume
(m3)
Façade area
(m2)
Opening area
(m2)
D2m,nT,w(C;Ctr)dB D2m,nT,w(C;Ctr)dB R0w þ Ctr ;dB R0w þ Ctr ;dB
C-40A 49.8 25.3 9.4 25(1;2) 29(1 ;4) 21 23
C-40B 32.7 18.1 2.5 28(1;1) 31(1;4) 21 21
C-40C 23.6 15.3 1.9 26(1;2) 29(1;4) 18 19
I-52.03 C 22.3 14.4 1.5 29(0;1) 33(1;4) 21 22
V-9.02 A 2.6 8.2 1.6 25(1.0) 33(1;2) 18 24
V-9.02 B 23.0 7.4 1.6 27(0;1) 33(1;3) 19 23
V-9.02 C 22.9 7.3 1.6 27(0;0) 32(0;3) 20 22
V-9.02 D 34.6 21.4 5.3 30(0;0) 35(1;4) 27 28
C-14.02 B 31.0 8.8 2 27(0;1) 31 (1;3) 19 21
C-14.02 C 17.8 15.0 1.1 27(1;1) 30(1 ;2) 19 21
C-20A 47.8 24.8 8.4 26(1;3) 27(1;4) 20 20
V-9.02 A 25.6 8.2 1.6 25(1;0) 33(1;2) 18 24
V-9.01 A 22.6 15.8 2.2 22(2;0) 30(1;1) 17 24
C-16C 23.1 14.8 1.9 25(0;1) 33(2;6) 18 21
C-38.01 A 37.7 19.7 2.4 26(0;1) 29(1;3) 18 19
V-4.01 A 29.3 7.1 2.2 24(1;0) 28(1;2) 18 20
I-32.02 C 33.7 18.9 5.3 25(0;1) 28(1;3) 21 22
I-49.01 B 22.5 6.8 1.3 27(1;1) 29(1;2) 19 20
I-49.04 B 22.2 6.8 1.3 26(1.0) 31 (0;2) 19 22
I-49.05 B 22.1 15.8 1.3 25(0;1) 32(0;2) 17 23
Table 2
Façades with sliding horizontal windows and IGU, geometric dimensions of rooms and the calculated weighted acoustic magnitude.
Sliding window with IGU Façade shutter
retracted
Façade shutter
extended
Window shutter
retracted
Window shutter
extended
Test Volume
(m3)
Façade area
(m2)
Opening area
(m2)
DnT,w(C;Ctr) dB DnT,w(C;Ctr) dB R0w þ Ctr ;dB R0w þ Ctr ;dB
C-10C 27.4 16.9 1.9 36(1;4) 39(2;6) 32 33
C-10D 35.6 31.6 1.9 37(2;5) 39(2;5) 32 34
C-2.02 A 48.0 1.4 4.3 37(1;4) 40(2;6) 33 34
C-2.02 B 35.7 20.4 1.5 31 (1;3) 32(1;4) 28 28
C-2.02C 18.6 13.8 2.2 30(0;3) 31(2;6) 27 25
C-2.01 A 27.6 16.1 1.6 31 (1;3) 34(1;4) 28 30
C-2.01 B 16.0 12.2 1.6 30(1;3) 32(1;4) 27 28
SC-14A 20.4 13.7 1.8 29(1;2) 35(1;4) 27 31
SC-14 B 29.4 16.2 2.1 30(1;2) 32(1;5) 28 27
SC-14C 28.5 16 2.0 30(1;3) 34(2;5) 27 29
C-18B 43.3 17.5 2.3 27(1;2) 29(2;3) 25 26
C-18C 50.0 24.8 2.1 34(2;4) 34(2;5) 30 31
C-27 A 25.0 8.8 1.06 25(0;1) 34(1;4) 24 30
C-20G 37.5 19.3 1.3 28(1;2) 33(1;4) 26 29
C-16D 31.9 17.3 1.8 32(0;1) 36(1;4) 31 32
V-3A 33.9 17.6 1.8 32(0;2) 39(1;5) 30 34
C-65B 28.9 6.9 1.6 33(1;3) 37(2;5) 30 32
I-32.01 C 17.8 13.9 1.7 27(1;2) 34(2;5) 25 29
I-32.05 B 18.6 12.6 1.5 30(0;0) 35(1;4) 30 31
I-49.02 B 18.9 13.1 2.8 24(1;2) 29(1;4) 22 25
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thickness of 4 mm. When the shutter is extended the system
works acoustically in the same way as a system of double panels.
According to the values for the mass per unit of area of the shutter
and the glass pane, as well as the two distances between the panes
of glass and the shutter, the mass-air-mass resonance frequencies
[17] are located in the third octave band with a central frequency
of 160 Hz and 200 Hz.
As an example of the results obtained in façades with sliding
horizontal windows and monolithic glass Fig. 2 compares thethan when the shutter is retracted. For frequencies over 500 Hz the
insulation from airborne noise of façades with the shutter ex-
tended is clearly superior to when the shutter is retracted.
2.2. Façades with horizontal sliding windows and insulating glass unit
In this type of window, tests were made on 20 façades. The
windows are glazed with insulating glass units with a thickness
of 4(12)4 mm; the ﬁgure in parentheses is the width of the air-
ﬁlled cavity. When the shutter is extended, the system functions
Table 3
Façades with openable windows and monolithic glass: geometric dimensions of rooms and the calculated weighted acoustic magnitude.
Openable windows with monolithic glass Fagade shutter
retracted
Fagade shutter
extended
Window shutter
retracted
Window shutter
extended
Test Volume
(m3)
Fagade area
(m2)
Opening area
(m2)
D2m,nT,w(C;Ctr) dB D2m,nT,w(C;Ctr) dB R0w þ Ctr ;dB R0w þ Ctr ;dB
I-52.02 B 17.5 5 0.9 25(1;2) 28(1;4) 23 24
I-52.02 C 21.1 6.7 1.5 24(1;2) 29(1;4) 22 25
I-52.03 B 19.4 5.4 0.9 27(1;3) 26(1;3) 24 23
I- 52.04 B 23.0 6.5 2.3 25(1;2) 29(2;5) 23 24
I-32.03 C 18.8 12.8 1.5 25(1;1) 29(1;3) 24 26
M-5085 D 37.6 10.4 2.4 25(1;2) 26(1;3) 23 23
Table 4
Façades with openable windows and insulating glass unit: geometric dimensions of rooms and the calculated weighted acoustic magnitude.
Openable windows with IGU Fagade shutter
retracted
Fagade shutter
extended
Window shutter
retracted
Window shutter
extended
Test Volume
(m3)
Façade area
(m2)
Opening area
(m2)
D2m,nT,w(C;Ctr) dB D2m,nT,w(C;Ctr) dB RPrimew þ Ctr ;dB RPrimew þ Ctr ;dB
M- 5057 A 83.8 29.9 4 41(1;5) 41(2;6) 28 27
M- 5057 B 36.8 17.7 1.9 41(2;6) 41(3;7) 27 26
M- 5057 C 23.0 8.5 1.5 38(2;5) 38(2;6) 26 25
M- 5057 D 25.1 15.6 1.5 39(3;6) 39(4;8) 26 24
C- 9.01 A 27.3 17 2 37(1;4) 37(1;5) 27 26
C-9.01 B 27.2 17 2 38(1;4) 38(2;5) 28 27
C- 9.01 C 44.1 21.9 2.5 41(3;7) 41(5;10) 27 24
C- 12 A 43.5 13.5 3.4 39(1;4) 39(2;5) 29 28
C- 12 C 41.6 11.2 3.4 38(1;5) 39(2;5) 27 28
C- 12 D 26.3 7.3 1.7 42(2;5) 42(2;6) 30 29
C- 28 A 33.4 18.4 3.2 35(2;5) 34(3;7) 25 22
C- 28 B 23.1 7 2.1 36(2;6) 34(2;6) 25 23
C- 28 C 30.9 17 2.9 38(3;7) 38(2;6) 26 27
C- 28 D 27.6 16.4 2.9 33(2;6) 33(2;6) 22 22
C-4A 72.0 36.3 4.9 37(2;5) 39(2;6) 25 26
C- 4B 37.4 18.1 1.5 32(1;3) 33(1;4) 20 20
C-4C 22.7 6.1 1.5 37(1;3) 40(2;5) 27 28
C- 5.01 A 31.6 8.5 1.5 36(1;4) 39(2;6) 24 25
C- 5.01 B 19.4 7.1 1.4 35(1;3) 39(2;6) 26 27
C- 14.01 A 32.5 17.8 2 37(2;6) 38(3;7) 24 24
C-14.01 B 16.9 6.3 2 34(1;4) 36(3;6) 26 26
C-14.01 C 24.4 15.7 2 34(1;4) 35(1;4) 24 25
C-14.01 D 15.8 5.2 2 35(1;4) 36(2;6) 27 26
M-5068 B 21.6 6.6 0.8 29(1;2) 31(1;3) 18 19
M-5068 C 31.1 18.3 0.8 33(1;4) 34(1;4) 18 19
M-5068 D 27.1 16.7 0.8 33(1;4) 35(2;6) 19 19
M-5068 E 31.0 6.8 0.8 36(2;5) 38(3;7) 20 20
C-47A 62.6 47.6 4.4 37(1;4) 39(2;5) 26 27
C-47B 34.8 19.6 1.9 39(2;6) 41 (3;8) 25 25
C-47C 39.8 20.6 1.8 37(2;6) 39(2;7) 23 24
C-47D 38.8 19.3 3 36(2;5) 39(3;7) 25 26
C-47E 39.6 22 2.9 36(1;4) 41 (4;8) 26 27
C-47F 44.3 7.2 1.9 38(2;6) 40(2;7) 23 24
C-33C 28.5 17.3 1.3 35(1;5) 36(2;6) 22 22
C-47G 34.7 17.2 3.1 36(3;7) 35(5;10) 24 20
C-36.01 B 34.4 19 2.3 35(1;4) 36(2;6) 24 23
C-42C 30.0 8.3 2.9 31(1;3) 34(1;5) 23 24
C-48B 25.5 15.9 1.4 39(1;4) 41(2;6) 27 27
C-48C 26.7 16.3 1.4 39(1;4) 41(2;6) 27 27
C-59B 26.8 7.45 1.47 34(2;4) 37(3;7) 22 22
C-59C 25.6 7.2 1.5 33(1;3) 36(2;5) 23 24
C-59E 32.7 8.3 1.1 37(1;3) 39(1;4) 24 25
C-49B 29.8 13.2 3.4 33(1;3) 34(1;4) 26 26
C-49C 24.4 6.8 1.1 37(1;3) 38(1;4) 26 26
C-49D 30.0 17.1 2.3 37(2;5) 37(1;5) 26 26
C-53B 41.0 11 1.3 38(2;5) 40(2;6) 23 24
C-60A 36.3 19.1 2.8 37(2;4) 39(2;6) 27 27
C-60B 29.4 7.4 2 37(1;3) 37(1;5) 27 25
C-60C 35.1 18.5 2 39(1;4) 39(1;5) 28 27
V-23D 29.5 7.6 1.6 37(1;5) 39(2;6) 24 25
V-23F 29.7 16.9 1.5 41(1;4) 43(2;5) 29 30
M-5081 C 22.3 20.3 1.9 32(1;3) 34(2;6) 23 22
M-5081 D 22.9 8.6 3.5 31(1;3) 34(1;5) 25 26
M-5060 B 21.8 10.3 1 33(1;5) 34(2;6) 20 20
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acoustically like a system with three panels. Taking into account
the mass per unit of surface area of the shutter and the panes of
glass, in addition to the two distances between the panes of glass
and the shutter, the mass-air-mass resonance frequencies [18]
are located in the third octave band with a central frequency of
Fig. 4 compares the results of the standardised sound level dif-
ference, D2m,nT, for the case of a façade with openable windows and
monolithic glass, when the shutter is fully extended or retracted.
When the shutter is extended, the effect of stationary waves is de-
tected in low frequencies, and the improvement of the standard-
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Fig. 3 shows the results of the standardised sound level differ-
ence, D2m,nT, for a speciﬁc case of a façade with sliding horizontal
windows and IGU, when the shutter is fully extended or retracted.
For frequencies above 500 Hz the standardised sound level differ-
ence with the shutter extended is substantially higher than when
the shutter is retracted.
2.3. Façades with openable windows and monolithic glass
This typology is not common in new buildings built within the
last 30 years; only six acoustic tests were carried out. The windows
are glazed by means of single panes of glass with a thickness of
6 mm. When the shutter is extended, the system functions acous-
tically like a system of two panels. The mass-air-mass resonance
frequency is located in the third octave band, with a central fre-
quency of 200 Hz.ised sound level difference with the shutter extended compared
to when it is retracted is noticeable above a frequency of 400 Hz.
2.4. Façades with openable windows and insulating glass unit
In this typology, 54 acoustic tests were carried out. The thick-
ness of the insulating glass unit was 4(12)4 and 6(12)6, in mm.
When the shutter is extended the system functions acoustically
like a system of three panels. Taking into account the mass per unit
of the area of the shutter and the glass panes, in addition to the
distance between the panes of glass and the shutter, the mass-
air-mass resonance frequencies are located in the third octave
bands with central frequencies of 100 Hz, 400 Hz and 500 Hz.
An example of tests carried out on façades of this type is shown
in Fig. 5. It can be seen that the difference in the standardised
sound level when the shutter is extended or retracted is minor in
frequencies below 500 Hz.
Finally Table 5, shows the average results and standard devia-
tion of global magnitude D2m,nT,w + Ctr with the shutter extended
and retracted, in addition to the differences for the different types
of window and glazing.
openable or horizontal sliding panels, and the type of glass panes
are monolithic or insulating glass unit (IGU).
The results obtained in situ show the effect of the position of the
shutter either fully extended or retracted – on insulation from air-
borne noise on the façades of rooms.
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Fig. 4. Shutter extended versus shutter retracted in a façade with openable windows and monolithic glass.
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Fig. 5. Façade with openable window and IGU; comparison between the situation with the shutter extended and retracted.
Table 5
Global magnitude D2m,nT,w + Ctr in the different typologies.
Type of window and glazing Number
of tests
Shutter extended
D2m,nT,w + Ctr dB
Shutter retracted
D2m,nT,w + Ctr dB
Extended – retracted
D2m,nT,w + Ctr dB
Average S deviation Average S deviation Average S deviation
Sliding window with monolithic glazing 20 27.8 3.5 25.3 0.7 2.6 2.8
Sliding window with IGU 20 29.9 5.7 28.1 7.1 1.8 1.4
Openable window with monolithic glazing 6 24.2 1.2 23.2 0.8 1 1.4
Openable window with IGU 54 31.7 2.1 31.8 0.7 0.1 0.7
C. Díaz et al. / Applied Acoustics 74 (2013) 134–140 1393. Conclusions
This experimental work has been done on around 100 rooms in
buildings with ﬂat façades, with windows with built-in shutter
boxes installed behind the lintel. The window systems are eitherWhen the shutter is fully extended it acts acoustically like a
light panel, and the system formed by the panes of glass and the
shutter has the mass-air-mass resonance frequencies of the light
systems of two or three panels. The effect of stationary waves is
detected in the acoustic measurements of the standardised sound
level difference, D2m,nT.
In façades with sliding windows, when the shutter is extended a
signiﬁcant improvement can be seen in the insulation from air-
borne noise from the central frequency band of 500 Hz, compared
to when it is retracted.
In façades with sliding windows and single panes, when the
[3] Díaz C, Pedrero A. An experimental study on the effect of rolling shutter and
shutter boxes on the airborne sound insulation of windows. Appl Acoust
2009;70:369–77.
[4] UNE EN ISO 10140-1: 2010. Acoustics. Laboratory measurement of sound
insulation of building elements. Part 1: Application rules for speciﬁc products.
[5] EN ISO 140-5: 1995. Acoustics. Measurement of sound insulation in buildings
140 C. Díaz et al. / Applied Acoustics 74 (2013) 134–140shutter is extended the insulation from airborne noise of the façade
improves by an average of over 2.5 dB, compared to when the shut-
ter is retracted. This improvement is reduced to a little under
1.5 dB when the window is glazed with insulating glass units.
In façades with openable windows and single glass, when the
shutter is extended the insulation from airborne noise of the façade
improves by 1 dB, compared to when the shutter is retracted.When
the windows are openable and with insulating glass units, and the
shutter is extended, the insulation from airborne noise of the façade
is slightly reduced compared to when the shutter is retracted.
In general, building codes specify the minimum values required
to comply with the standardised sound level difference of the faç-
ade with trafﬁc noise, and this ﬁgure depends signiﬁcantly on the
apparent sound reduction index of the façade. When the windows
have a sliding opening mechanism, and the acoustic measurements
of the insulation from airborne noise of the façades are taken
according to standard UNE-EN ISO 140-5:1999, it is important to
indicate whether the measurements have been made with the
shutter retracted or extended.
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